This study describes the identification of over 150 target proteins of the five 14-3-3 isoforms in 7-d-old barley (Hordeum vulgare) cv Himalaya seedlings using yeast two-hybrid screens complemented with 14-3-3 protein affinity purification and tandem mass spectrometry. Independent experiments for a subset of genes confirmed the yeast two-hybrid interactions, demonstrating a low false positive identification rate. These combined approaches resulted in the identification of more than 150 putative targets; 15% were previously reported to be 14-3-3 interactors, including, for example, Serpin, RF2A, WPK4 kinase, P-type proton-translocating adenosine triphosphatase, EF1A, glutamine synthetase, and invertases. The affinity purification resulted in 30 interactors, of which 44% function in metabolism, while the yeast two-hybrid screens identified 132 different proteins, with 35% of the proteins involved in signal transduction. A number of proteins have a well-described function in hormonal signaling, such as the auxin transport protein PIN1 and NPH3 and components of the brassinosteroid pathway, such as the receptor kinase BAK1 (OsPERK1) and BRI1-kinase domain-interacting protein 129. However, 14-3-3 interactions with these signal mediators have not been confirmed in the affinity purification. Confirmations of the 14-3-3 interaction with the three ABF-like transcription factors are shown using far western analysis. Also, a REPRESSION OF SHOOT GROWTH ortholog named RF2A was identified; these transcription factors play important roles in the abscisic acid and gibberellin pathways, respectively. We speculate that 14-3-3 proteins have a role in cross talk between these hormonal pathways. The specificity and complementary nature of both the affinity purification and the yeast two-hybrid approaches is discussed.
Phosphorylation-dependent protein-protein interactions play crucial roles in the execution of various biological functions (Mukherji, 2005) . Most widespread among proteins that interact with phospho-Ser or phospho-Thr motifs are members of the 14-3-3 family (Van Heusden, 2005 ). 14-3-3 proteins are acidic regulatory proteins, first identified as highly abundant proteins in bovine brain extract (Moore and Perez, 1967) . Later, it was found that 14-3-3 proteins are present in all eukaryotes (de Vetten et al., 1992; Hirsch et al., 1992; van Heusden et al., 1992) . 14-3-3 proteins belong to a conserved protein family consisting of seven isoforms in human, two isoforms in yeast (Saccharomyces cerevisiae), 15 isoforms in Arabidopsis (Arabidopsis thaliana), and eight isoforms in rice (Oryza sativa; van Heusden et al., 1995; Van Hemert et al., 2001; Sehnke et al., 2002; Chen et al., 2006) .
The crystal structure of the 14-3-3 dimer revealed that it forms a clamp shape structure with dimerization occurring at the N terminus. Co-crystallization of the 14-3-3 dimer, together with a 14-3-3 interacting peptide derived from the kinase c-Raf-1, showed that the clamp shape structure has two binding grooves that both can bind a peptide (Yaffe et al., 1997) . Therefore, one 14-3-3 dimer can bind two target proteins at the same time or can bind one target protein at two specific sites (Braselmann and McCormick, 1995) . It was shown that the 14-3-3 binding sites contain a conserved amino acid composition that belongs to the mode I (R/K-S-Xp S/T-X-P), mode II (R/K-X-Y/F-Xp S/T-X-P), or mode III [ p S/ p T(X 122 )-COOH] type (Muslin et al., 1996; Yaffe et al., 1997; Ganguly et al., 2005) . Binding to the target protein depends on the phosphorylation of the Ser or Thr residues inside the binding site in most, but not all, cases.
14-3-3 proteins are known to regulate a variety of different cellular processes, such as cell division, apoptosis, signaling, and carbon and nitrogen metabolism (Van Hemert et al., 2001; Huber et al., 2002; Schoonheim et al., 2007) . Most 14-3-3 targets identified to date in plants are metabolism-related enzymes, such as Gln synthetase, nitrate reductase (NR), glyceraldehyde phosphate dehydrogenase, Suc phosphate synthase, trehalose phosphate synthase, and invertase (Moorhead et al., 1996 (Moorhead et al., , 1999 Huber et al., 2002) . In the study of Pozuelo Rubio et al. (2004) , more than 200 14-3-3 interacting proteins in human cancer cells were identified using affinity chromatography. In this study, it was pointed out that there seems to be a large functional difference in the identified 14-3-3 targets in animal cells as compared to plant cells. For example, the number of plant 14-3-3 targets functioning in signal perception (receptors), transduction (kinases), and processing (transcription factors) is small as compared to animal cells. This difference is surprising in light of the conserved nature of 14-3-3 proteins. We hypothesize that the current picture of the plant 14-3-3 interactome is biased due to the methods used so far to identify 14-3-3 target proteins. Therefore, the aim of this study was to carry out a comprehensive identification of 14-3-3 targets present in barley (Hordeum vulgare) leaf tissue using two complementary methods: a yeast two-hybrid screen and an affinity purification strategy using all five known barley 14-3-3 proteins.
Yeast two-hybrid screens have been used to identify protein-protein interactions extensively (Fields and Song, 1989; McAlister-Henn et al., 1999; Ito et al., 2001) . In the field of 14-3-3 research, yeast two-hybrid assays have been widely used to confirm and analyze interactions between one 14-3-3 protein and a specific target (Bornke, 2005) . Large-scale yeast two-hybrid screens of cDNA libraries using 14-3-3 as bait have been carried out as well, although the number of interacting proteins reported was rather low (Zhang et al., 1997; Yan et al., 2002; Bornke, 2005; Mackie and Aitken, 2005 ). An important advantage of the yeast two-hybrid screen is that large amounts of cDNA clones can be checked with relative ease in a short time. A second, and maybe even more important, advantage is that with this method, low-abundance transcripts isolated from plant tissue stand a good chance to be coexpressed with the 14-3-3-GAL4 binding domain, and, therefore, its protein product can be identified as 14-3-3 targets. This is because cDNA clones are under the control of the constitutive ADH1 promoter and are therefore highly expressed in the yeast. This exact same feature of the yeast two-hybrid method can also be interpreted as a disadvantage, namely, the identification of false positives. The high concentration of proteins present in the yeast cells might result in interactions that will not occur in the plant cell. Nevertheless, the yeast two-hybrid method is a good tool to study the putative interaction between two proteins, which subsequently have to be studied in more detail in vivo by, for example, performing far-western or FRET-FLIM analysis.
The second method to study protein-protein interactions, also extensively used in the field of 14-3-3 biology, is affinity chromatography with 14-3-3 as bait, followed by identification using mass spectrometry (MS; Moorhead et al., 1999; Pozuelo Rubio et al., 2003 , 2004 Alexander and Morris, 2006) . Due to the dynamic nature of the 14-3-3/target interaction, it is possible to selectively compete off target proteins with a peptide such as the so-called R18 peptide mimicking a phosphorylated mode I or mode II motif (Moorhead et al., 1999; Wang et al., 1999) . In this way, false positives are to a large extent eliminated. Moreover, other than in a yeast twohybrid screen, affinity chromatography can purify protein complexes when a 14-3-3 target protein is part of that complex. This can provide more comprehensive insight into protein networks involving 14-3-3 proteins but has the disadvantage that it is not clear whether the protein binds indirectly or directly to the 14-3-3 proteins.
In this study, we show that the yeast two-hybrid screen is a good tool to identify putative 14-3-3 targets. We identified 132 proteins that interact with at least one of the five barley 14-3-3 isoforms. The affinity chromatography approach yielded 30 14-3-3 target proteins with the majority having a function in primary metabolism, possibly reflecting a bias of this method to more abundant proteins. Most of the proteins identified in the two-hybrid screen are signal mediators, providing evidence that plant 14-3-3 proteins not only play an important role in regulation of the Calvin cycle, glycolysis, and nitrogen metabolism, but also are important intermediates in signaling cascades. Combining published targets and novel targets identified in this study, an interaction map for the plant 14-3-3 proteins is emerging.
RESULTS

Novel Interaction Partners for Barley 14-3-3 Proteins Identified in a Yeast Two-Hybrid Screen
To identify proteins that interact with each of the five known barley 14-3-3 isoforms (A-E), we took advantage of the sensitive yeast two-hybrid proteinprotein interaction assay to screen a barley leaf cDNA library (Robertson, 2004) . Clearly, plant 14-3-3 proteins are functional and properly folded in yeast because they are able to complement the lethal yeast double knockout mutants for BMH1 and BMH2 (van Heusden et al., 1995) . Because 14-3-3 proteins can form homoand heterodimers, we first addressed the question whether positive clones might show up through dimerization of one 14-3-3 in the activation domain (14-3-3-AD) and another (or the same) 14-3-3 in the binding domain (14-3-3-BD). A yeast two-hybrid assay between the 14-3-3 isoforms showed weak homodimerization of 14-3-3B, whereas the other 14-3-3 isoforms showed no homo-or heterodimerization (data not shown). These data show that dimerization of the 14-3-3 isoforms would not overwhelm us with the identification of a majority of 14-3-3-AD fusions. Next, we tested whether auto-activation of one of the reporter genes might occur. When the 14-3-3 proteins Table I . Identified cDNA clones from the 14-3-3 yeast two-hybrid screen
The clones that showed activation of the reporter genes were selected and DNA was isolated. Subsequent sequences were BLAST searched against the TIGR barley expressed sequence tag (TIGR 9.0) database (http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species5barley). were fused to the GAL4 binding domain (14-3-3-BD) and double yeast transformants of the 14-3-3-BD versus empty-AD were tested on the activation of the three reporter genes viz. HIS3, ADE2, and LacZ, indeed autoactivation of the HIS3 reporter gene was observed; therefore, this reporter was not used in the two-hybrid screen. In contrast, no auto-activation of the other two reporter genes was measured.
Names of Homologous
Thus, for the two-hybrid screens, a total of 1.7 3 10 6 double transformants were screened for activation of the reporter genes ADE and LacZ. Each 14-3-3 isoform was used in a separate screen, and, in these five screens, a total of 132 unique proteins were identified as positive clones for both reporter genes, ADE and LacZ, and thus putative new 14-3-3 target proteins (Table I) . All positive clones (132) were checked for the presence of an ''in frame'' cDNA-AD fusion. Sizes of the clones varied from approximately 600 bp to 1,700 bp. In general, clones lack an N-terminal part of the coding region, although for some clones, for example, for the membrane bound P-type proton-translocating adenosine triphosphatase (H 1 -ATPase), just a small part of the protein was encoded by the identified clone, namely, the C-terminal 101 amino acids. The clones were then retransformed into yeast containing the 14-3-3 bait to confirm their interaction on selective minimal medium plates without the amino acids Leu, Trp, His, and Ala (SD minus LWHA) in combination with the presence of b-galactosidase activity (Fig. 1) .
Isoform specificity in 14-3-3/target interaction is an important issue in 14-3-3 biology (Bornke, 2005; Sinnige et al., 2005) , and, therefore, we tried to evaluate differences in the strength of interaction between each putative target and each individual 14-3-3 isoform. To create more stringent conditions, diluted cultures were spotted on selective plates (SD minus LWHA) and grown for only 1 d. As a consequence, some weaker interacting clones did not grow at all under these conditions with any of the 14-3-3 proteins and did not turn blue in the b-galactosidase assay ( Fig. 1 ). However, it should be noted that these clones did grow with at least one of the five 14-3-3 isoforms when undiluted cultures were spotted and turned blue when longer incubation times were used (data not shown). Therefore, all 132 clones have to be interpreted as putative 14-3-3 targets even though there is no or little growth in Figure 1 . The first column in Figure 1 shows that none of the 14-3-3 proteins are auto-activators of the used reporter genes because double transformants of 14-3-3-BD and empty-AD (spot 1) show no growth and no blue color on b-galactosidase assay. Vice versa, none of the interacting proteins showed auto-activation when transformed with an empty-BD vector ( Fig. 1; first row) . Importantly, clear isoform-specific interactions were observed; some targets showed high affinity for all five 14-3-3 proteins ( Fig. 1; spots 21, 29, 57, 79, 89, and 120) , whereas others interacted with only one or two isoforms ( Fig. 1 ; spots 22, 63, 66, 84, 92, 100, and 117). 
Identification of Isolated Clones and Validation
About 10% of the identified genes represent previously identified and characterized 14-3-3 targets. The presence of these known 14-3-3 targets in our screen can be considered as positive control. One of the best characterized 14-3-3 targets was identified among these positive controls, namely, the P-type H 1 -ATPase ( Fig. 1; spot 54 ). The cDNA that was identified consists of the soluble C-terminal cytosolic auto-inhibitory domain; this part is not membrane bound, thus explaining its presence in the yeast two-hybrid screen. The cDNA encodes for the last C-terminal 101 amino acids, including the 14-3-3 binding site YTV-COOH.
It is well known that the phytotoxin fusicoccin (FC) stabilizes the complex formed by 14-3-3 proteins and P-type H 1 -ATPase and increases the affinity between these two proteins (Fuglsang et al., 1999) . We used the 14-3-3/ATPase interaction to demonstrate that our two-hybrid assay is capable of detecting small differences in strength of interaction between 14-3-3 and a target. So, addition of FC (10 mM) to yeast cells containing the 14-3-3 proteins as bait and the C terminus of the P-type H 1 -ATPase as prey should enhance the b-galactosidase activity. Figure 2 shows that FC addition indeed results in a 1.5-to 2-fold induction of the LacZ reporter gene for the interaction between the 14-3-3 proteins and the P-type H 1 -ATPase. This result fits with the literature and suggests that the interaction measured with the yeast two-hybrid correlates with the interactions that occur in planta. Moreover, the yeast two-hybrid principle is potentially a good method to screen for novel FC receptors. However, some caution should be taken for the membrane-bound targets identified in the yeast two-hybrid screens. Puzzlingly, for example, the PIN1 clone identified in the yeast two-hybrid screen lacks the first N-terminal 200 amino acids that contain the first five transmembrane helices, but it does contain the five transmembrane helices at the c-terminus. Another example of a membranebound 14-3-3 interacting clone is the pyrophosphatase (TC131805) that contains 14 transmembrane helices equally divided over the protein. These proteins will theoretically be inserted into the membrane and will not be able to activate the nuclear-located reporter Figure 1 . Yeast two-hybrid assays between five barley 14-3-3 isoforms and the 132 identified 14-3-3 interactors. All the 132 unique 14-3-3 interactors identified in the yeast two-hybrid screens were retransformed into yeast carrying one of the barley 14-3-3 isoforms and are numbered from spot 2 to 133. Interaction is confirmed by growing the double transformants on selective media (top; SD minus LWHA) or performing b-galactosidase assay (bottom). As control, empty-BD constructs were used against the 14-3-3 interactors (top lane) and empty-AD against the 14-3-3-BD (spot 1).
Figure 2. 14-3-3 interactions with the P-type H 1 -ATPase is induced by FC. b-Galactosidase assays of double transformants of the 14-3-3 isoforms together with the C-terminal tail of the P-type H 1 -ATPase show that FC enhances b-galactosidase activity of double transformants. FC (10 mM) treatments were given for 24 h, and, subsequently, b-galactosidase assays were performed (n 5 3 6 SD). b-Galactosidase activities are normalized to the OD 600 . FC treatment did not have an effect on yeast growth.
genes. In our hands, these proteins do activate the reporter genes and thus are located in the nucleus. We hypothesize that these proteins are posttranslationally modified and cleaved in such a way that the GAL4 activation domain together with the cytosolic part of the protein is imported into the nucleus, where it activates the reporter genes.
It is beyond the scope of this work to validate all 132 putative 14-3-3 targets, and, therefore, we focused on three members of the AREB/ABF/ABI5 family (HvABF1, HvABF2, and HvABF3) that we isolated in this screen ( Fig. 1; spots 13, 20, and 49) . Most members of the ABF/AREB/ABI5 protein family contain a canonical mode II 14-3-3 interaction motif (RRTLT350GPW-COOH) that is also conserved in the related HvABI5 protein. Mutation of Thr-350 in the HvABI5 protein showed that this residue is essential for 14-3-3 interaction (Schoonheim et al., 2007) . Here, we show that deletion of the conserved C-terminal putative 14-3-3 binding motif in the ABF transcription factors (ABF-C8Del) disrupts the interaction with the 14-3-3 proteins in a yeast two-hybrid assay (Fig. 3, A  and B ). Moreover, we confirmed the interaction between the ABF proteins and 14-3-3C by performing far-western analysis using recombinant ABF proteins on blot and recombinant biotinylated Hv14-3-3A and Hv14-3-3C in the overlay buffer (Fig. 3D ). Equal amounts of bovine serum albumin were used to show that the 14-3-3/ABF interactions on blot are not due to nonspecific protein-protein interactions. Moreover, Figure 3 . Three ABF transcription factors interact with 14-3-3 proteins. A, Quantitative b-galactosidase activity of yeast cells carrying the 14-3-3 proteins as bait and the ABF transcription factors as prey. Eight amino acid deletions at the C terminus (C8Del) were tested for their interaction with the 14-3-3 proteins. B, Semiquantitative b-galactosidase activity assay of double-transformed yeast cells carrying 14-3-3 proteins as bait and the ABF transcription factors (wild type and C8Del) as prey. C, Qualitative assays of the 14-3-3 interactions with the ABF transcription factors (wild type and C8Del). D, Interaction between recombinant protein of the transcription factors HvABF1, HvABF2, and HvABF3 and recombinant 14-3-3C is shown by performing far-western analysis. Glutathione phosphorylation of the recombinant ABFs by protein kinase A (PKA) shows that the interaction between Hv14-3-3C and HvABF3 is greatly enhanced (Fig. 3D) . Puzzlingly, the interaction between ABF1 and 14-3-3 is not affected by the PKA treatment, whereas the interaction between 14-3-3C and HvABF2 is reduced by the PKA treatment. The interaction between the ABFs and Hv14-3-3A shows that the yeast two-hybrid data correlate with the far-western analysis, namely, 14-3-3C interacts strongly with the ABFs in contrast to 14-3-3A, which only weakly interacts with the ABFs. Finally, 10 of the 132 identified proteins were also identified in the affinity chromatography experiment, as shown below.
14-3-3 Proteins Interact with a Variety of Proteins Involved in Signaling
As discussed in the introduction, the list of known 14-3-3 targets in plants contains far fewer proteins with a function in signal transduction than in animals. Table I and Figure 6A show that the main group of proteins identified in this yeast two-hybrid screen belongs to the class of signal mediators (35%). Interestingly, many of these signal mediators belong to pathways of hormonal signal transduction. A few examples are: (1) BRI1kinase domain (KD)-interacting protein 129 (spot 12), a protein that can be phosphorylated by BRI1-KD brassinosteroid receptor and likely has a function in brassinosteroid signal transduction (Hirabayashi et al., 2004) ;
(2) the bZIP transcription factor family of the ABFs (spots 13, 20, and 49), which function in the abscisic acid (ABA) pathway (Schoonheim et al., 2007) ; (3) the bZIP transcription factor RF2A, the barley ortholog of the tobacco REPRESSION OF SHOOT GROWTH that plays a role in the GA biosynthesis (Igarashi et al., 2001;  RF2A shows strong interactions with all five barley 14-3-3 isoforms; spot 29); and (4) NPH3, a protein with a function in lateral auxin transport during phototropism (Haga et al., 2005) showing strong interaction with four out of five 14-3-3s as well (spot 48, Fig. 1 ).
Hormone-responsive transcripts were found as well, including the jasmonic acid-responsive RRJ1 (TC140455) and jasmonate-induced mRNA (TC131671); for GA, the GA-stimulated transcript1 (TC148126); and for auxin, Adr11 (TC147470).
14-3-3 Affinity Purification and Tandem MS Identifies Novel 14-3-3 Targets
In addition to the yeast two-hybrid screens, we performed a large-scale affinity chromatography experiment Figure 4 . Quality control of recombinant 14-3-3 protein and R18 competing peptide. A, Recombinant His-tagged protein was prepared of all five barley 14-3-3 isoforms. Two micrograms of each isoform was run on SDS-PAGE and stained with Bio-Rad BioSafe colloidal Coomassie. B, Functionality of the recombinant Hv14-3-3C protein was tested using the inhibition of 14-3-3 proteins on NR. NR was semipurified from barley leaf extract. The affinity of Hv14-3-3C for NR was tested using different concentrations of recombinant Hv14-3-3C, ranging from 1 to 25 nM (molecular mass 14-3-3C 5 29.9 kD). C, Functionality of the competing peptide R18 was tested using 10 nM of Hv14-3-3C inhibition on the NR enzyme. Concentration range of the R18 peptide was between 10 nM and 20 mM. Figure 5 . Elutions of 14-3-3 interactors. 14-3-3 interacting proteins were specifically eluted using 0.5 mM R18 peptide. The mock elution, R18 elution, and the imidazol strip were concentrated, and 10% of the samples were separated on a 12% SDS-PAGE gel. Proteins were stained with Bio-Rad Biosafe colloidal Coomassie. using recombinant proteins of all five barley 14-3-3 isoforms as bait. The five barley 14-3-3 proteins (A-E) were cloned into the Invitrogen pRSET vector, resulting in N-terminal-tagged 14-3-3-hexahistidine fusions. Recombinant proteins of all five 14-3-3 isoforms were produced in BL21-DE3 cells and purified using Ni 21 -NTA affinity chromatography (Fig. 4A) . These hexahistidine-tagged 14-3-3 isoforms were used as bait.
Our interaction analysis was based on two selective steps: specific binding of target proteins into the 14-3-3 groove and selective elution of proteins that interact with 14-3-3 through this groove with a peptide that has a high affinity for the binding groove, called R18 (Wang et al., 1999) . R18 is a peptide that specifically binds to 14-3-3 proteins without isoform selectivity.
Scatchard analysis of R18 binding to empty 14-3-3 showed K d values in the range of 0.1 mM (Wang et al., 1999) . Because we wanted to use the R18 peptide to compete off bound proteins, we first carried out a competition assay using the well-characterized 14-3-3 Figure 6 . Classification of the novel putative 14-3-3 interactors. The 132 identified proteins from the yeast two-hybrid screen were divided and classified into 13 classes. The 30 proteins identified from the affinity purification were classified into six classes. Signaling-associated proteins were found to be the major class of proteins identified in the yeast two-hybrid screens, whereas metabolism-related proteins were predominantly found in the 14-3-3 affinity purification. [See online article for color version of this figure.] Figure 7 . Calvin cycle and glycolysis are densely populated with 14-3-3 interactors. Schemes of the Calvin cycle (A) and glycolysis (B), where 14-3-3 interactors are in black boxes and white text, show that both pathways are densely populated with 14-3-3 interactors. inhibition of the enzyme NR as reporter system. First, the affinity of NR for 14-3-3C proteins was determined (Fig. 4B ). From this graph, we determined that 10 nM of 14-3-3C was sufficient to inhibit NR for more than 85%. This concentration of 14-3-3 was chosen to study the affinity of the R18 peptide for 14-3-3C. As shown in Figure 4C , R18 peptide abolishes the inhibition of NR by 14-3-3C proteins with a K i of 0.39 mM. This is close to the K d , as determined by Scatchard analysis (Wang et al., 1999) , and shows that we can use R18 as a highaffinity competing peptide for specific elution of 14-3-3 target proteins.
Protein extract from leaves of 7-d-old barley cv Himalaya plants (identical to the source of the yeast two-hybrid cDNA library) was prepared. A total of 500 mg of cytosolic proteins was mixed with 10 mg of recombinant His-tagged 14-3-3 in a total volume of 25 mL. After incubation at 4°C, the mixture was run through a nickel column. After rinsing extensively, a control elution was performed solely with the injection of buffer. Next, bound target proteins were eluted from the column using 0.5 mM of the R18 peptide. This relatively high R18 concentration (1,250 times K m ) was chosen because the time of exposure is relatively short (flow rate 0.5 mL min 21 ). Higher concentrations of R18 (1 mM) did not elute more bands (data not shown). Eluted proteins were separated on SDS-PAGE gel, and the R18 elution resulted in many bands ranging from high molecular mass (250 kD) to low molecular mass (15 kD) on a colloidal Coomassie-stained gel (Fig. 5) .
Mock and R18 eluate were run out on a one-dimensional SDS-PAGE gel, and the R18 lane was sliced into six pieces, proteins were in-gel digested with trypsin, and peptides were identified using nano liquid chromatography (LC)-electrospray ionization-MS/MS. The MS/MS data were searched against National Center for Biotechnology Information (NCBI) green plants and a recent version of the annotated rice genome (the Institute for Genomic Research [TIGR] OsGI version 4) and maize (Zea mays) unigene assembly (TIGR ZmGI version 16) using Mascot.
Identified proteins are listed in Table II , ordered according to the gel slices ranging from high to low molecular mass (gel slices 1-6). The molecular mass of proteins identified from the respective gel slices correlates well with the predicted molecular mass range (based on the protein markers) of each gel slice that they originated from. Intriguingly, 45% of the 30 eluted targets are metabolism-related proteins, and many of these are part of either glycolysis or the Calvin cycle (Table II) .
The two approaches that were used in this study identified a large group of putative 14-3-3 interactors that have to be studied in more detail in future studies. From the group of proteins identified using the 14-3-3 affinity purifications, 30% of the interacting proteins were confirmed in the yeast two-hybrid screen.
DISCUSSION
Classification of Identified 14-3-3 Targets
The yeast two-hybrid screens and the affinity purification show a large difference in the representation of different protein classes (Fig. 6 ). More than one-third (50) of the interacting proteins identified in the yeast two-hybrid screens fall in the class of signaling proteins; 17 of these are transcription factors. In contrast, only 10% of the proteins identified in the affinity purification could be assigned a function in signaling, and none of these was a transcription factor. The 14-3-3 affinity purification method identified mostly metabolic enzymes (42%). A similar observation was made by Alexander and Morris (2006) , who purified 14-3-3 interacting proteins from developing barley grains using a 14-3-3 affinity chromatography strategy. Metabolic proteins are abundant proteins and are therefore probably preferentially identified when using 14-3-3 affinity chromatography. In contrast, signaling intermediates are low-abundance proteins and are therefore less likely to be detected in the affinity purification.
Overlap between Yeast Two-Hybrid and Affinity Purification
Although many differences can be found between the yeast two-hybrid screen and the affinity purification, also a large portion of the identified proteins overlap. Thirty percent of the identified proteins from the affinity purification were also identified in the yeast two-hybrid screens, like elongation factor 1A, neutral invertase, acyl-transferase, ATP-dependent Clp protease, Rubisco small subunit, and 14-3-3 proteins themselves. In addition, several proteins identified only by affinity purification were reported before as 14-3-3 interacting proteins: ascorbate peroxidase, Gln synthetase, and glyceraldehyde phosphate dehydrogenase (Zhang et al., 1997; Moorhead et al., 1999; Cotelle et al., 2000) . Likewise, many proteins previously reported in the literature as 14-3-3 interacting proteins were identified in the yeast two-hybrid screen: RF2A, Serpin, WPK4, and the P-type H 1 -ATPase (Ikeda et al., 2000; Igarashi et al., 2001; Alexander and Morris, 2006) . This shows that these two different methods are complementary.
Functional Network of Identified 14-3-3 Interactors From the barley 14-3-3 interacting proteins that we have identified here, three interesting cellular processes can be highlighted. First, the Calvin cycle, according to the textbooks, consists of 10 main enzymes, six of which have been identified as published 14-3-3 targets (Fig. 7A ). In addition to these six Calvin cycle enzymes, another novel 14-3-3 target was identified that does not belong to the Calvin cycle but is necessary for the Calvin cycle, viz. carbonic anhydrase. This enzyme plays an important role in the conversion of CO 2 into carbonic acid (Werdan and Heldt, 1972) , which is then converted into glyceraldehyde-3-P (GAP) by the Calvin cycle. The second process emerging from the 14-3-3 target analysis that is densely populated with 14-3-3 targets is situated in sugar metabolism, namely, glycolysis. As shown in Figure 7B , the two enzymes that can break down Suc into Glc and Fru are 14-3-3 targets: invertase and Suc synthase. Furthermore, previously identified proteins together with proteins identified in this study show that more 14-3-3 targets are present downstream of Suc hydrolysis, like Fru-2,6bisphosphatase, Fru-1,6-bisphosphate aldolase, and cytosolic GAP dehydrogenase (Pozuelo Rubio et al., 2003) . In line with a major function for 14-3-3 in animal cells (Darling et al., 2005) , it becomes clear from the analysis of our yeast two-hybrid screen that plant 14-3-3 proteins are also important regulators of hormonal signaling intermediates (Tables I and II ; Fig. 8 ). It is noteworthy that there are interesting relationships between these 14-3-3 protein targets. For example, PERK1 (BAK1) interacts with the BRI1 brassinosteroid receptor in a brassinosteroid-and phosphorylation-dependent manner (Wang and Chory, 2006) . Interestingly, the BRI1-KD-interacting protein 129 has been shown to be phosphorylated by the BRI1 receptor (Hirabayashi et al., 2004) . Also, the PIN1 protein (polar transport of auxin; Wisniewska et al., 2006) and NPH3 proteins (lateral transport of auxin; Haga et al., 2005) play a key role in auxin transport. Moreover, three members of the ABF transcription factor family, transcriptional regulators of ABA-responsive gene expression (Choi et al., 2000) , interact with the 14-3-3 protein family. In addition, a large group of putative 14-3-3 interactors was identified that belongs to the cell wall-associated proteins (Table I) . This indicates that 14-3-3 proteins are most likely transported out of the cell, where they regulate the function of cell wall-associated proteins as has been shown before (Voigt and Frank, 2003) .
In conclusion, our screens have revealed many established and novel putative 14-3-3 interacting proteins. The two methods employed in this study are complementary in the sense that different classes of proteins prevail in one or the other screen. In this study, a wide array of targets with a function in signal transduction has been identified in plants. Just like in animal cells, 14-3-3 proteins may form a platform for cross talk in the signal transduction pathways of the different hormones. Moreover, a picture is emerging that, like in animal cells, a saturation of 14-3-3 targets in the specific cellular processes, whether cyclic or linear in nature, is observed.
The cataloging, functional characterization, and networking of 14-3-3 targets will in the end allow the formation of a functional and dynamic map of the 14-3-3 interactome that will bring us closer to understanding cellular functioning.
MATERIALS AND METHODS
Yeast Two-Hybrid Screen
The Stratagene GAL4 two-hybrid phagemid vector pBD-GAL4 was used to prepare 14-3-3-GAL4 binding domain fusions using the BamHI and EcoRI restriction sites. The open reading frame (ORF) from the Hv14-3-3 genes was amplified using PFU DNA polymerase, and restriction sites were introduced into the primers. The constructs were checked for correct DNA sequence by performing sequence reactions. A CLONTECH MATCHMAKER two-hybrid cDNA library prepared from mRNA isolated from 5-to 7-d-old leaf tissue from barley (Hordeum vulgare) cv Himalaya (Robertson, 2004 ) was a kind gift of Masumi Robertson (CSIRO Plant Industry, Canberra, Australia). The improved yeast (Saccharomyces cerevisiae) strain PJ69-4A with genotype MATa, trp-901, leu2-112, ura3-200, his3-200, gal4D , gal80D, GAL-ADE2, LYST GAL1-HIS3, metTGAL7-LacZ, which carries an extra reporter selecting for adenine auxotrophy (ADE2), was used for the yeast two-hybrid screens (James et al., 1996) . Yeast transformations were performed using the lithium acetate protocol according to Gietz et al. (1992) . Briefly, PJ69-4A yeast cells carrying the bait construct were grown up in SD minus LW broth for 16 h at 30°C. The cells were pelleted and resuspended in 1 L of YAPD (1% [w/v] yeast extract, 2% [w/v] peptone, 2% [w/v] D-Glc, and 0.01% [w/v] Ade) broth and grown for an additional 4 h. Cells were pelleted, washed with 1 volume of water, pelleted again, and resuspended in 100 mL of 0.2 M lithium acetate/ Tris-EDTA. Again, cells were pelleted and resuspended in 10 mL end volume of 0.2 M lithium acetate. Aliquots of 2 mL yeast cells were divided in five 15-mL tubes and the following was added: 10 mg of cDNA, 20 mg of linearized salmon sperm DNA (Invitrogen), and 12 mL of 40% polyethylene glycol-4000/ 0.2 M lithium acetate. Tubes were mixed and incubated at 30°C for 45 min; subsequently, the tubes were transferred to 42°C for 25 min. Aliquots of 100 mL were spotted on SD minus LWHA plates and incubated at 30°C for 7 d. In total, 1.7 million colony-forming units were checked on interaction with the five barley 14-3-3 proteins. Double transformants were grown on selective plates (SD minus LWHA) for 7 d. Positive clones were streaked on plates lacking LW, one plate was used to test for LacZ assay and the other plate for storage. Clones that showed activation of both reporter genes (ADE2 and LacZ) were selected, and DNA was isolated according to Stratagene's protocol. To prepare large quantities of DNA for sequencing reactions, the DNA isolated from yeast was electroporated into Escherichia coli, and DNA minipreps were performed. To identify the positive clones, sequence reactions were performed using the pACT2 sequencing primer (5#-TGATGAAGA-TACCCCACCAAACC-3#). The resulting sequences of the cDNA clones were BLAST searched against the TIGR barley database.
were subsequently cloned in frame into the Invitrogen pRSET-C vector. The ABF-His fusions were prepared by digestion of the pACT2-cDNA constructs isolated from the yeast two-hybrid screen using BamHI and BglII. Digested insert was ligated into BamHI-digested pRSET-C vector, resulting in an N-terminal-tagged in-frame fusion protein. Recombinant proteins were prepared by electroporation of the appropriate DNA construct into BL21 E. coli cells. Positive BL21 cells were grown up in YT medium for 16 h at 37°C, then isopropyl-b-D-thiogalactopyranoside was added to a final concentration of 1 mM. The culture was grown for another 8 h, and, subsequently, E. coli cells were pelleted and recombinant protein was isolated using the Amersham Histrap column (1 mL) according to the manufacturer's protocol. The quality of the recombinant proteins was checked by performing SDS-PAGE and western blotting using the Novagen T7-tag antibody. Far-western analysis was performed according to Moorhead et al. (1999) .
Protein Extraction
Barley plants were grown in the greenhouse for 7 d. Leaves of 7-d-old seedlings were harvested (200 g) and ground in a blender using 500 mL of homogenization buffer (50 mM HEPES-KOH, pH 7.5, 50 mM NaF, 5 mM NaPPi, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 tablet Roche protease inhibitor cocktail per 50 mL, 1% polyvinylpolypyrrolidone). The homogenate was centrifuged for 20 min at 12,000g, and the supernatant was filtered through four layers of Miracloth. ATP was added to a final concentration of 0.5 mM, and, subsequently, proteins were fractionated by adding solid ammonium sulfate to a final concentration of 70% (w/v). Precipitated proteins were pelleted at 12,000g for 20 min and the pellet was resuspended in 10 mL buffer C (50 mM HEPES-KOH, pH 7.5, 1 mM cantharidin). To remove remaining salts, the sample was dialyzed in a dialysis tube (NMWL 5 3,500 D) against 1 L of buffer C during 3 h, which was refreshed every hour (total of 3 L). After dialysis, the protein extract was cleared by centrifugation at 33,000g for 20 min, and protein concentration was determined using the Bradford method (Takahashi et al., 1999 ).
14-3-3 Affinity Purification
14-3-3 affinity purification was performed using a modified protocol of Moorhead et al. (1999) . The protein sample, collected as described above, was diluted with buffer C to reach a protein concentration of 20 mg/mL. To 25 mL of this sample, ATP, leupeptin, and phenylmethylsulfonyl fluoride were added to reach a final concentration of 2 mM, 4 mg mL 21 , and 0.5 mM, respectively, and this was incubated at 30°C for 10 min. Finally, 10 mg of His-tagged recombinant 14-3-3 proteins (2 mg of each isoform) and NaCl (final concentration 150 mM) was added, and the tube was mixed end-over-end for 1 h at 4°C. Thereafter, the sample was pumped through an Amersham His-trap column to bind the 14-3-3His proteins (and putative targets), using a flow rate of 0.5 mL min 21 . The column was washed extensively (flow rate 3 mL min 21 ) with buffer C (50 mM HEPES-KOH, pH 7.5, 500 mM NaCl, 50 mM imidazol) until the protein concentration of the flow-through was lower than 5 mg protein mL 21 . A mock elution was performed using 1 mL of buffer C without the competing peptide (using the same tubing and injection procedure as used for the specific elution and strip). Subsequently, 1 mL of buffer C containing 0.5 mM R18 peptide was injected into the column with a flow rate of 0.5 mL min 21 to specifically elute interacting proteins. The synthetic R18 peptide (PHCVPRDLSWLDLEANMCLP) was purchased from Genscript. Finally, the column was stripped by injecting buffer C plus 500 mM imidazol. Both the mock and the R18 elution were collected in fractions of 0.5 mL and concentrated using Millipore Amicon Ultra-15 tubes to a final volume of 200 mL.
MS
To identify the 14-3-3 interacting proteins, 50 mL of each of the mock, R18 elution, and the imidazol strip were run out on one-dimensional SDS-PAGE gel (12% acrylamide). Because no protein was detected in the mock elution using Coomassie Brilliant Blue R250 (note that Bio-Rad, Biosafe colloidal Coomassie was used for Fig. 5 ), only the gel lane from the R18 eluate was analyzed. This lane was cut in six gel slices, which were then washed, digested with trypsin, and peptides were extracted, as described by Friso et al. (2004) . Peptides from the in-gel digests were resuspended in 5% formic acid and analyzed using nano LC-electrospray ionization-MS/MS using a quadrupole time-of-flight mass spectrometer (Waters) using gradients as described by Friso et al. (2004) . Spectral data were extracted using Mascot distiller and searched with Mascot (Matrix Science) against NCBI nonredundant green plants: rice (Oryza sativa; OsGI version 4 from TIGR at http://www.tigr.org/), maize (Zea mays; ZmGI version 6; TIGR), and Arabidopsis (Arabidopsis thaliana; TAIR version 6 at http://www.arabidopsis.org/). Only proteins with two or more matching peptides matched each with a minimal ion score of 22 and a total protein MOWSE score higher than 50 were considered in this first identification step. The accession numbers of the four databases were then compared using directional BLAST alignments to remove redundancies and to find the best annotations. GenBank accession numbers of the genes used in this study are as follows (in parentheses): 14-3-3A (X62388), 14-3-3B (X93170), 14-3-3C (Y14200), 14-3-3D (DQ295785), 14-3-3E (DQ295786), HvABF1 (DQ786408), HvABF2 (DQ786409), and HvABF3 (DQ786410).
